Human health issues in both seleniferous and selenium (Se)-deficient areas are primarily related to the amount of Se available in the soil (Fordyce 2013 ). Selenate (SeO 4 2-) represents a chemical species for Citation: Praus L., Száková J. (2019): Role of sulphate in affecting soil availability of exogenous selenate (SeO 4 2-) under different statuses of soil microbial activity. Plant Soil Environ., 65: 470-476.
effective crop biofortification with Se (Hawkesford and Zhao 2007, Ducsay et al. 2016 ); on the other hand, it poses a risk due to its high mobility in the soil environment, especially under oxidising and alkaline pH conditions (Nakamaru and Altansuvd 2014) . Once exogenous SeO 4 2emerges in a soil (fertilisation or contamination event), its redox stability depends on the soil pH, redox potential (Eh), microbial activity, and microbial community structure (Fellowes et al. 2013, Nakamaru and Altansuvd 2014) . The conversion of SeO 4 2to selenite (SeO 4 2-), elemental Se (Se 0 ) or even selenide (Se 2-) is an integral part of soil aging and decreases the bioavailability of Se in soil (Li et al. 2016) . Several weeks up to months after SeO 4 2input into soil, SeO 4 2can still be detected in various extracts as the predominant Se species (Keskinen et al. 2010 , Fellowes et al. 2013 , Wang et al. 2019 ). Moreover, it may last up to several decades, until the exogenous Se merges into the native distribution in soil (Wang et al. 2017) . It has been well documented that sulphate oxyanion and organic matter sources may interfere with SeO 4 2behaviour in soil in both a microbial-driven (Aguilar-Barajas et al. 2011 , Fellowes et al. 2013 , Wang et al. 2019 and an abiotic manner (Goh and Lim 2004 , Favorito et al. 2018 , Praus et al. 2019b ). Thus, it is essential to explore the impacts of agronomic practices on the fate of exogenous SeO 4 2and potentially plantavailable selenium (Se ppa ) in particular soils. Against this background, the objective of the present study is to elucidate the effects of added sulphate and labile organic matter on temporal changes in the availability of exogenous SeO 4 2in soil. We designed an incubation experiment on two arable soils to address the following hypotheses: (i) distinct statuses of soil microbial activity largely control the stabilisation of exogenous Se in soil aging processes; (ii) sulphate inhibits SeO 4 2from entering unavailable Se reserves in soil; (iii) both labile organic matter and sulphate amendments significantly alter the Se chemical fractionation in soil.
MATERIAL AND METHODS
S oils and soil analysis. Two arable soils , a Chernozem (silty loam) and a Cambisol (sandy loam), were collected from the topsoil (0-20 cm) at experimental stations in Prague-Suchdol and Humpolec, respectively, both in the Czech Republic. The soils were air-dried in an oven at 35°C and passed through a 2-mm sieve. Following the soil pretreatment, 6 kg of each soil were obtained for soil characterisation and the incubation experiment. Soil pH H2O at a solid:liquid ratio of 1:5 (w/w) was 8.1 and 5.6 for Chernozem and Cambisol, respectively. The other chemical characteristics were as follows: Se aqua regia 347 and 219 μg/kg; Fe ammonium oxalate 1617 and 4461 mg/kg; Al ammonium oxalate 1372 and 1814 mg/kg; C H2O 62 and 102 mg/kg; S H2O 15 and 22 mg/kg; P Mehlich 3 96 and 89 mg/kg, in Chernozem and Cambisol, respectively. The description of the methods employed and additional physicochemical properties of the soils can be found in Praus et al. (2019a, In Press) .
Incubation experiment. The thoroughly homogenised soil samples were weighed into 18 polyethylene vessels (per soil type) in an amount equivalent to 150 g dry weight (DW). As indicated in Table 1 , six of the vessels (per soil type) were exposed to 27 kGy of γ-irradiation (cobalt-60). Individual aqueous solutions of K 2 SO 4 , KH 2 PO 4 , (NH 4 ) 2 SO 4 , glucose and Na 2 SeO 4 were prepared and mixed in a manner that the spraying of these solutions provided the soil treatments described in Table 1 . Soil moisture was set to 55% of water-holding capacity by the addition of high-purity water (HPW). Sealed vessels, in triplicate per treatment, were incubated at 23 ± 2°C under light/dark (8 h/16 h) cycles for 10 weeks. To maintain aerobic or semi-aerobic conditions, gas exchange between the vessel interior and the ambient atmosphere was allowed once a week. Irradiated treatments were strictly manipulated in a laminar flow box using a flame-sterilised stainless-steel spoon. After 1.5, 8.5, 24 and 72 days of incubation, ~15 g of moist soil were withdrawn from each vessel for the determination of the parameters of interest.
Soil analysis over a 10-week incubation period. Four grams of each treatment were weighed into a 50-mL polypropylene centrifuge tube and shaken with 24 mL of 50 mmol/L NH 4 H 2 PO 4 (without pH adjustment) on a reciprocating shaker (200 rpm) for 2 h. The soil suspensions were then centrifuged (7000 × g) for 10 min and filtered (KA-5 paper; particle capture of ≥ 3 μm, Papírna Perštejn, Perštejn, Czech Republic). The selenium concentration in 5-fold dilute d (HP W ) filtrates wa s mea sure d using inductively-coupled plasma mass spectrometry (ICPMS; Agilent 7700x, Agilent Technologies Inc ., Santa Clara , USA), op erate d in helium mode. Quality control for the determination of Se was performed by analysing a standard reference material (SRM 1640a , Trace Elements in Natural Water, NIST). Selected 50 mmol/L phosphate extracts sampled during the 1 st and the 4 th campaign were subjected to inorganic Se speciation analysis conducted on the same day as the extraction. First, an aliquot of the extract was filtered (0.20 μm, NYLON) and 2.5-fold diluted (HPW); 1 mL of the filtrate was pipetted into a 1.5-mL glass vial for Se speciation analysis. The concentration of total Se in the remaining filtrate was measured by ICPMS. Anion exchange high-performance liquid chromatography (AE-HPLC), coupled to ICPMS via a PEEK capillary tubing, was used for Se speciation. Standard solutions of 0.5, 2, 5, 20, 50 and 100 μg/L Se of both selenate (Se VI ) and selenite (Se IV ) were prepared by dissolution and dilution of Na 2 SeO 4 (Sigma-Aldrich, Steinheim, Germany) and Na 2 SeO 3 (Fluka, Neu-Ulm, Germany) with HPW. The chromatography system (Agilent 1260, Agilent Technologies Inc., Santa Clara, USA) was equipped with an analytical 
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Plant, Soil and Environment, 65, 2019 (9) (Supriatin et al. 2015) . The sample injection volume was 100 µL, and the column was heated to 30°C. Soil pH H2O and DW were monitored throughout the incubation period. Fractionation of soil Se using sequential extraction. After the last sampling in week 10, five soil treatments in triplicate (per soil type) were allowed to age for another 52 weeks. In addition to the treatment described above, the soils were moistened twice to avoid dryness. We used a slightly modified sequential extraction procedure (SEP) proposed by Wright et al. (2003) and tested by Keskinen et al. (2009) to estimate soil biogeochemical fractions with which exogenous Se was associated at the end of the incubation. Soil aliquots (~2.5 g) were successively extracted with 10 mL of the following solutions: (i) 100 mmol/L KCl for 1 h (soluble Se); (ii) 100 mmol/L (NH 4 ) 2 HPO 4 at pH 8.0 for 2 h (adsorbed Se); (iii) 100 mmol/L NaOH for 3 h (organically associated Se); (iv) 100 mmol/L Na 2 SO 3 at pH 7 for 4 h (elemental Se); (v) aqua regia at 180°C for 18 min (residual Se). During the first four steps, the suspensions were shaken on a tube rotator (30 rpm, 23 ± 2°C) and subsequently centrifuged (2680 × g for 10 min) and filtered (KA-5 paper). Soil samples were rinsed with 10 mL of 100 mmol/L KCl between individual steps, and the rinse was added to the extract of the preceding step. Oven-dried (35°C) reweighed soil residues arising from step four were exposed to aqua regia microwave-assisted digestion (Discover SP-D, CEM Corp., Matthews, USA). All supernatants were diluted up to 20-fold (HPW) and analysed for Se by ICPMS. Native (non-incubated) soils were also subjected to the same SEP for comparison.
Statistical analysis. The statistical significance of differences between Se ppa determined in a given treatment at t 1.5d and the referential Se ppa estimated for t 0 in a given soil was tested using a one-sample t-test. The statistical significance of differences in Se ppa (i) among soil treatments at a given sampling time and (ii) among soils of a given treatment sampled at t 1.5 -t 72d were evaluated by a one-way analysis of variance (ANOVA), followed by Holm-Sidak's multiple comparison post-hoc test. The P-values < 0.05 were considered significant. All statistical analyses were executed using SigmaPlot 11.0 (Systat Software, Inc., San Jose, USA).
RESULTS AND DISCUSSION
Soil extraction using phosphate anions is useful in monitoring changes in the potentially plant-available selenium reserves (Keskinen et al. 2010) . The estimated Se ppa immediately after SeO 4 2input into both experimental soils (at time t 0 ) is depicted by horizontal dashed lines in Figure 1 (the sum of Se KCl and Se PO4 from native soils (Table 2) , plus the addition of 400 µg/kg Se in the form of SeO 4 2-). In both soils, Se ppa recovered at t 1.5d did not significantly differ from the estimated Se ppa at t 0 . In general, Se ppa decreased progressively with incubation time, regardless of soil type and treatment (Figure 1) . The reduction in Se ppa in acidic Cambisol became significant in a shorter time as compared to Chernozem. Interestingly, comparing only the percentage of decline in Se ppa between t 0 and t 72d in both soils brought unexpectedly consistent results; the declines were 30-31% for control treatments, 20-21% for S 100 and 26% for S 50 P 50 . When the same comparison was performed for treatments where microbial activity had been induced/suppressed, the declines for Chernozem and Cambisol were different (77% and 38% for S 50 P 50 C 440 N 44 , 17% and 24% for the γ-control, respectively). Sulphate addition to γ-irradiated soils smoothed out the differences in Se ppa between both soils. The results of the one-way ANOVA executed on extraction data collected from individual soil treatments at the same sampling time are not shown because the differences among treatments were predominantly insignificant. Nevertheless, there were some noteworthy relationships between soil treatment and Se ppa . Firstly, sulphate addition (S 100 ) suppressed the conversion of exogenous Se to an unavailable soil reserve in both soils (Figure 1) , namely by up to 48 µg Se/kg in Cambisol (t 24d ) and up to 45 µg Se/kg in Chernozem (t 72d ) as compared to the corresponding control treatments. Combined amendment (S 50 P 50 ) followed the effect of sulphate (S 100 ), but at a lower intensity. Easily available sources of C and N (S 50 P 50 C 440 N 44 ) to soil microorganisms decreased Se ppa dramatically only in the Chernozem, as early as at t 8.5d . On the contrary, γ-rays (γ-control) decreased irreversible Se immobilisation by up to 62 µg Se/kg in Chernozem (t 72d ) and by up to 38 µg Se/kg in Cambisol (t 24d ) as compared to non-irradiated controls. The addition of sulphate to γ-irradiated soil (γ-S 100 ) did not intensify the effect of γ-rays. , Soil and Environment, 65, 2019 (9) : 470-476 tion experiment. The amounts of Se (VI) and Se (IV) extracted at t 1.5d , regardless of the soil treatment (n = 4), were 390 ± 11 µg/kg and 7 ± 0 µg/kg in Cambisol and 374 ± 15 µg/kg and 9 ± 2 µg/kg in Chernozem, respectively. These results imply a short-term stability of SeO 4 2in both soils and an acceptable procedural (VI) down to 272 ± 8 µg/kg (six treatments) was recorded in both soils where microbial activity had not been stimulated. This consistency in the occurrence of the main Se species with such a low standard deviation corroborates the identical availability of Se in both soils at t 72d , as mentioned above. The proportion of Se (IV) in soil extracts increased clearly between t 1.5d and t 72d ( Table 3) . The most contrasting changes in Se speciation during soil aging were noticed in the S 50 P 50 C 440 N 44 treatment, especially in the Chernozem, where Se (VI) decreased to 21 ± 5 µg/kg and Se (IV) increased to 57 ± 6 µg/kg. The differences observed in the time-dependent Se extraction pattern between γ-irradiated and nonirradiated control treatments (Figure 1) Blankinship et al. (2014) have decreased the count of colony-forming units (CFU) only from 10 7 to 10 4 /g per day after exposure of the soil to γ-radiation (54 kGy). Thus, even in γ-irradiated soils, a biotic mechanism of SeO 4 2immobilisation should not be omitted. Praus et al. (2019b) have investigated a fast abiotic sorption of SeO 4 2in both soils under investigation in the present study and found no or a weak retention of SeO 4 2where the difference between the soils was, in most cases, insignificant. Although both soils substantially differed in pH and oxalate-extractable Fe and Al (Material and methods), we did not observe contrasting values of Se ppa acquired in their control treatments over 72 days of incubation (Figure 1 ). This finding might be explained by the extraction method used; phosphate may significantly release adsorbed Se oxyanions on soil particles (Keskinen et al. 2009 ). Thus, our Se ppa data are probably insensitive to adsorbed Se. Neither soil pH fluctuation in a particular treatment over the course of incubation (≤ 0.3 pH unit, data not shown) or differences in pH among treatments at a given time (≤ 0.5 pH unit) are likely to be important influential factors. According to Figure 1 , sulphate (S 100 ) interfered with slow irreversible abiotic retention and/or microbial immobilisation of Se during soil aging in both soils. The importance of the latter mechanism is emphasised by the fact that the Se ppa in γ-control resembles that in S 100 , indicating that a drop in viable microorganisms (γ-rays) as well as sulphate-selenate competition for transport into mi- Paper Plant, Soil and Environment, 65, 2019 (9) The overall Se recovery of the SEP, calculated as the sum of Se extracted in five consecutive extraction steps (∑Se) from a particular treatment divided by its sub-total soil Se content increased by 400 μg/kg, was in the range of 78-100% for Chernozem and 95-108% for Cambisol. In Chernozem S 50 P 50 C 440 N 44 , the higher portion of Se unrecovered in the SEP may be attributed to Se biomethylation when the soil was amended with organic compounds (Zhang and Frankenberger 1999) at favourable pH conditions. Keskinen et al. (2010) have shown that chloride extraction represents a sensitive indicator of Se plant availability in soil. Consistently for both Se-fortified soils, the highest yields of Se KCl (nearly 50% of ∑Se) were achieved in γ-irradiated treatments, being notably higher than those in the regular controls and slightly higher than those in the S 100 treatments ( Table 2) . The lowest Se KCl was acquired in S 50 P 50 C 440 N 44 (3% of ∑Se in Chernozem). Incorporation of phosphate extraction after Se KCl determination allows to distinguish ligand-exchangeable Se (specifically adsorbed Se oxyanions, mainly SeO 3 2-) from non-specifically adsorbed and soluble Se fractions. Several treatments, especially those of Cambisol, exceeded the Se PO 4 determined in corresponding native soils, implying that specific adsorption is a relevant mechanism for Se immobilisation. Interestingly, sulphate addition significantly decreased Se PO4 only in the Chernozem. We believe this observation stems from the pronounced reduction of Se (VI) to Se (IV) in acidic Cambisol within 1 year of incubation; consequently, sulphate does not effectively compete with SeO 3 2for soil sorption sites (Goh and Lim 2004) . Selenium extractable with a hydroxide solution traditionally represents organically associated Se fractions in soil (Wright et al. 2003) . We assume that Se NaOH can be used as an index of Se anorg → Se org biotransformation in our study. From this point of view, the high values of Se NaOH determined especially in the Chernozem (control and S 50 P 50 C 440 N 44 ) indicate an extensive microbial-driven incorporation of exogenous Se into soil organic matter (SOM). Straightforwardly, sulphate amendment and γ-irradiation significantly decreased Se NaOH in the Chernozem as compared to the control ( Table 2 ). The selenium fraction recovered with Na 2 SO 3 was low in all treatments and soils (max. 4-6% of ∑Se). We used the SEP refined by Wright et al. (2003) , providing improved selectivity of sulphite towards elemental Se 0 . The highest Se Na2SO3 were determined in S 50 P 50 C 440 N 44 treatments, which offer a direct link between boosted microbial activity and the reduction of exogenous Se to the Se 0 phase. The most resistant fraction Se aqua regia may comprise recalcitrant Se org and metal selenides. In the Chernozem, no treatment exhibited an increase in Se aqua regia after 1 year of soil aging, whereas in the Cambisol, this Se fraction more than doubled in the control and S 50 P 50 C 440 N 44 treatments compared to un-selenised soil. A significant decrease in Se aqua regia , induced by sulphate and γ-rays, in the Cambisol (Table 2) suggests that the recalcitrant Se might be of microbial origin. To resume the results of SEP, a significant portion of exogenous Se redistributed over the course of the incubation to the Se org fraction in the alkaline Chernozem, whereas in the acidic Cambisol, it emerged in Se aqua regia ; this is in agreement with the findings of Wang et al. (2017) . It should be kept in mind that the distribution pattern determined for Se, based on an SEP at a given time, might be highly sensitive to the amount of exogenous SeO 4 2initially present, as Loffredo et al. (2011) have shown that this parameter largely controls the rate of SeO 4 2stabilisation, especially in alkaline soil, where some Se (VI) bioreduction was assumed. Native Se in agricultural soils is frequently present in organic forms or associated with SOM (Keskinen et al. 2009 , Supriatin et al. 2015 . Accordingly, the role of soil microorganisms in the transformation of exogenous Se must be understood in much greater detail than is currently available in the literature. We recommend that Se availability to soil microbiota and the extent of specific microbial activity should be acknowledged as important soil variables controlling the fate of exogenous SeO 4 2in soils under different agronomic treatments.
